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tp ANALYSIS OF TEE  LIQUID-ME;TAL TURBOJEC- CYCZE FCIR 

PROPULSION OF NITCLEAR POWERED AIRCRAFT 

By William W. Wachtl and Frank E. Rom 

An analysis of the  nuclear  powered  liquid-metal  turboJet  cycle is 
presented  for a wide  range  of  engine  operating  conditions  at  flight 
Mach  numbers of 0.9 and 1.5, and  at  altitudes of 30,000 and 50,000 feet. 

The  method of analysis and working  charts are presented  to  facili- 
tate  investigations  beyond  the  scope of this  report. 

The thrust  per  engine  plus  heat  exchanger  weight  is  optimized at, 
the  four  flight  conditions for heat  exchanger  inlet  Mach  number, 

liquid-metal-to-air-heat  exchanger  effective wall temperatures. 
- compressor  pressure  ratio,  and  turbine-inlet  temperature  for a range  of 

Airplane gross weight  and  reactor  heat  release  is  presented for 
typical  values of airplane  lift-drag  ratio,  structure  to  gross  weight 
ratio, and sum of reactor,  shield, payload, and auxiliary  weights.  The 
effect of varying these  assumptions  and of including  nacelle drag is 
shown along with  the  effect of flight conditions. 

Analyses  are  being  made  at  the WCA Le-cTis  laboratory to determine 
the  characteristics of various  aircraft  propulsion  systems  utilizing 
nuclear  energy. A study  of  the  direct-air  turbodet  cycle was made  in 
reference 1 and  additional  results  of  this  study are presented in 
references 2 and 3. A preliminary  comparison  of  the  direct  air,  helium, 
and  liquid-metal  turbojet cycles is made in reference 5 .  
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The  present  report  gives an analysis of the  design  point perfom- I 

ance  of  nuclear  powered  liquid-metal  turbojet engines. The  variables 
considered  are  turbine-inlet  temperature,  compressor  pressure  ratio, 
liquid-metal-to-air  heat  exchanger  temperature,  heat  exchanger 
air  inlet  Mach  number,  altitude, and flight  speed. IChe compressor 
pressure  ratio,  heat  exchanger  inlet  Mach  numb-, and turbine-inlet 
temperature  were  optimized  for maximum engine  net  thrust per engine plue n 

heat  exchanger  weight  at  several d u e s  of  heat  exchanger  effective wall 5 
temperature. It is shown that  for  fixed  values of' airplane  lift-drag 
ratio, and structure  to gross weight  ratio,  the  thrust  per  englne  plus 
heat  exchanger  weight  is  the  most  important  parameter in determining 
gross weight.  Inasmuch-as  this  parameter  is BO important,  and  because 
of  the  uncertainty in the  lift-drag  ratio  attainable  at  supersonic 
speeds,  in  shield and auxiliary  weights, and in  allowable  reactor  heat 
release  rates,  engine  performance is emphasized in this  report. How- 
ever, m e a  are  presented  which  enable  rapid  determination of alrplsne 
gross weight  for  any  set of shield  and  auxiliary  weights,  payload, 
structme to gross weight ratio,  and  airplane  lift-drag  assumptions. 
In addition,  curves of heat  input  per pound of air and net thrust per 
pound of air per  second  are  presented  to  enable  the  determination of 
reactor  heat  release  necessary  to  operate  the  required  turbojet enginee. 

Airplane gross  weight  and  reactor  heat  release  axe  calculated  for 
several  flight  conditions  for  various  engine  operating  conditions. 
Typical  values  of  shield,  auxiliary  equipment,  and payload weights, . 
and aerodynamic  assumptions  were  selected  to  facilitate  these  calcu- 
lations. The effect of varying the  assumptions  necessary  to  calculate 
gross Weight and reactor  heat  release  from  engine at& is presented. 
In addition,  the  effect of varying flight  conditions upon gross weight 
and  reactor  heat  release is also indicated. 
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SYMBOLS 

The  following Synibols are  used  in t h i 0  report: 

area,  ft2 

specific  heat at constant  presmre,  Btu/lb ?I? 

drag coefficient 

nozzle  velocity  coefficient 

hydraulic  diameter of tubes,  ft 

drag, Lb 

. -  

f 

V 
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AT 
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v 
W 

W 

6 

51 

free flow r a t i o ,  flow area  divided  by frontal area 

thrust,  lb 

acceleration due t o  gravity, ft /sec2 

enthalpy,  Btu/lb 

air enthalpy change, Btu/lb 

778 f t-lb/B-tu 

thermal  conductivity,  Btu/sec f t 2  %/ft 

tube  length, f t  

l i f t ,  l b  

Mach  number 

s t a t i c  pressure, lb/ft2 

total pressure, lb/ft2 

dynamic pressure, -, lb/ f t2  paVa2 
2g 

reactor  heat release rate, Btu/sec 

t o t a l  temperature, OR 

t o t a l  temperature change, OR 
over-all  heat  transfer  coefficient, Btu/sec f t2  ?R 

reactor volume, ft3 

velocity,   f t /sec 

weight flow, lb/sec 

weight, lb 

r a t i o  of total pressure to HACA standard sea l e v e l   s t a t i c  pressure, 
P 

2116 
- 

efficiency 
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y ratio of specific heats 
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p density, lb/f t3 

8 ratio of total temperature to mACA standard sea  level  static 
temperature, - T . 

519 

Subscripts : 
. . . . . .  . . . . . . . . . . . .  a air flow 

c compressor 

" " . .  

I 

. .  

e engine 

f frontal I ........ ," ~. - -  - " - 

K shield -+ reactor -f- payload + auxiliary 
2 l iquid metal 

EJ nacelle 

r reactor 

m reactor maximum wall 

8 structure 

t  turbine - 

T engine plus heat exchanger 

w exchanger  effective wall 

. 
s 

" - 
" 

x exchanger I 
. " 

# 
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reactor-wall-to-liquid  metal 

small  stage 

free s t r e  

compressor  inlet 

compressor  outlet 

inlet  to  heat  exchanger (in tubes) 

turbine  inlet 

turbine  outlet 

DESCRIPTION OF THE CYW 

A schematic diagram of the  liquid-metal  turbojet  cycle  is  shown 
i n  figure 1. It  is a binary  system  incorporating a closed  liquid  cycle 
and aa open  air  cycle. A nuclear  reactor l a  used as the  heat  source, 
and a heat  exchanger  replaces  the shdard engine  combustion  rhamher. 

The  liquid-metal  coolant  is  pumped through the  reactor  where  it  is 
heated  by  contact  with w a l l s  of the  reactor f l o w  passages.  From  the 
reactor  the  liquid  metal. flows through  the  heat  exchanger  where  it  gives 
up  energy to the  air;  it is then  ducted back to the reactor thus com- 
pleting  its  cycle. 

Air enters  the diffuser of  the  turbo3et  engine,  is  compressed  by 
the  compressor, and then  passes  through  the  heat  exchanger Wng heat 
from  the  liquid metal. This hot  conrpressed air expands through the 
turbine  which  extracts  the  required energy to run the  comgressor. The 
air  then  expands through the exhaust nozzle to provide  the  propulsive 
thrust . 

Engine  component  efficiencies. - In the  present  analysis  the 
efficiencies  assumed  for  the  engine  components  are,  insofar  as  possible 
representative of the  best  current  practice.  The  values  used m e  as 
f o l lom : 
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Compressor  small-stage  efficiency, 0.88 
Turbine  adiabatic  efficiency, .90 
Exhaust nozzle velocity  coefficient (full expansion), .97 

The  inlet  diff’User  characteristics are shown in  figure 2 where  the 
ratio of actual to theoretical  total  pressure  is  plotted  against 
flight  Mach  number.  The  subsonic  portion of the  curve  assumes a 0.08 

loss in dynamic  pressure,  and  the  supersonic  portion w a s  obtained 
from  reference 4.  

Engine  weight. - The  engine  weight  per pod of corrected  air flow 
is  shown  in  figure 3 as a function of compressor  pressure  ratio.  The 
curve was obtained  from an NACA weight  analysis of turbojet  engines 
and  includes all engine  components  except  the  combustion  chambers. 
The  air flow per  unit  compressor  frontal mea is  assumed  to  be 25 pounds 
per  second  per  square  foot  corrected  to  static s e a  level  condftions and 
is  assumed  to  be  independent of engine  size  for  this  analysis. 

Eest  exchanger. - The liquid-metal-to-air heat exchanger is assumed 
to  be of the  tubular  counterflow  type  with  air flowing through the tubes, 
and liquid  metal flowing in the  spaces  between  the  tubes.  The might 
is  computed assuming that  the  tubes  are  made of stainlees  steel having 
an internal  diameter of 0.25 inch and a wall .thickness  of 0.01 inch, 
and  that  the  space  around  the  tubes  is  filled  with  Lithium. The weight 
of  the  shell,  headers and baffles  is  included.  The  exchanger  free flow 
factor &/Af is 0.65. The exchanger  is assumed to  have a conskant 
effective wall temperature.  The  exchanger  l/d  expressed in the para- 

meter KG) (~1 (from reference 5) is shown in figure 4 as a 

function of air  inlet  temperature, air outlet  temperature, and exchanger 
effective w a l l  temperature.  The  heat  exchanger  air  pressure drop 
expressed as the  ratio of the  outlet  total  pressure  to  air  inlet total 
pressure  is  shown in figure 5. The  pressure  ratio  is  plotted as a 
function  of air  inlet  temperature,  air  outlet  temperature, and exchanger 
effective w a l l  temperature  for  air  inlet  Mach numbers of 0.12, 0.16, 
and 0.20 which  cover  the  range  of  values  investigated. 

Aesctw 0.2 1 
X 

The assumption  of an effective w a l l  temperature  greatly  simplifies 
heat  transfer  calculations  with no loss in accuracy. Only a negligible 
error  in  heat  exchanger  pressure.  ratio  is  introduced  by  this  assumption. 

Reactor naaximum wall temperature. - The  reactor maximum waJ.1 
temperature  is  computed by making the following assumptions: (1) the 
heat  exchanger  effective wall temperature  is  equal to the  average  of 
the  inlet  and  outlet  liquid-metal  temperature; (2) that  the  difference 
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1 between the  reactor w e l l  temgerature a d  liquid-metal  temperatures is 
- constant; and (3) that the liq.d-metal temperature r i s e  i s  fixed fo r  

each flight  condition so that the  liquid-metal  velocity is 15 feet 
4- per second at optimum engine  conditions. 
IC 

cu r( 

Reactor, shield, and auxiliary weights. - A fixed  value of 
190,000 pounds i s  assumed fo r  WK, the sum of the  reactor, shield 
assembly,  payload, and auxiliary weights (pumps, piping, chemical fuel, 
e tc . ) .  T h i s  w e i g h t  was a rb i t r a r i l y  assumed i n  order to calculate 
typical  airplane gross weights f r o m  the engine data.. Assuming a fixed 
value of WK allows a wide latitude of weight distributions W O W  

the components of WK. Inasmuch as gross weight i s  a direct  flmction 
of WK, the gross welght f o r  any other  desired  value of WK can easi ly  
be  found. The ef feet of selecting  different  fixed values of WK is  
shown la te r   in   the   repor t .  

For any given  reactor  size,  reference 6 indicates a negligible 
variation of shield weight with  reactor heat release Q. Since this 
is  true and since  the payload and auxiliary weight  axe relatively  fixed, 
no variation of WK with Q i s  considered. 

Airplane  assumptions. - The structure to gross weight r a t i o  Ws/Wg, 
of the  airplane i n  general is assumed t o  be 0.35 f o r  the gross w e i g h t  
computations. The airplane  design L/D, exclusive of nacelles, i s  
assumed a function of Mach nulliber as fo l lows  : 

Mach number L/D 

0.9 18 
1.5 9 
2 -0 5.5 

Variation of structure to  gross w e i g h t  r a t i o  Ws/Wg, and L/D f r o m  the 
above values is considered l a t e r  in the  report. 

Nacelle  drag Dm, is  generally  considered to be zero, however, i n  
cases where is  included,  the  effect is shown for  the following 
range of d r a g  coefficients: 

Subsonic CD,~, 0 t o  0.08 

Supersonic m , ~ ,  0 t o  0.4 

Y The a i r  flow per unit nacelle  frontal  area,  corrected t o  s ta t ic   sea  
level  conditions is  assumed t o  be 15 pounds per second per  square foot  

% 
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compared t o  25 pounds per second per square foot of compressor f rontal  
area. This assumption accounts for structure  space. 

The turbojet  cycle as presented i n  this analysis is  optimized for 
maximum net  thrust  per engine plus exchanger weight. It is  shown i n  
the following discussion-that this parameter  gives  the minimum airplane 
~ r o s s  weight for  fixed  values of airplane L/D, structure to gross 
weight r a t i o  Ws/Wg, and the sum of reactor,  shield assembly, payload 
and auxiliary weights WK. 

Weight Balance  

The gross weight of an airplane is  equal t o  the sum of a l l  the 
component weights. 

Wg = WK + WS + We -I- Wx (1) 

These weights cart be  separated  into two groups: (I) weights re la t lvely " 
independent of gross w e i g h t ;  and (2) weights dependent upon gross 
weight. The f i r s t  group consists of the sum of reactor,  shield assemblx 
payload, and-auxiliary weight WK, where the & c i l i a r y  weight  includes 
such items as the  control.equipment, pumps, piping, and auxiliary h e 1  
required  for  thrust augmentation. Group tm consists of the a i r c ra f t  
str'ucture weight,  engine Weight, and heat exchanger  weight ws + we + WX. 

The structure weight i s  given by 

ws = (2) wg 
The engine  weight plus heat exchanger  weight is  

where .. . . 

(4) 
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Combining  equations (1) , (2) , and (3) 

WK wg = 
. .  1 

Inspection of equation (5) shows  that  the gross weight  is a minfrmlm 
when  the  net  thrust  per  engine  plus  exchanger  is a maximum  for  fixed 
d u e s  of wKJ W,/Wg J asd L/D, consequently a study of engine  performance 
is sufficient  for  evaluating a given cycle in a nuclear  powered  airplane. 
The analysis  presented in this  report  optimizes FJWT and is therefore 
not  restricted by particular  weight and airplane  assumptions. 

Cycle  Analysis 

The  performance  of  the  turbojet  cycle  with a heat  exchanger  in 
lieu of the  conventional  burners  is  calculated  for a range  of  flight 
and  engine  variables  in  order  to  obtain  optimum  engine  performance. 
The.flight  conditions  investigated are flight  Mach  ITumbers  of 0.9 and 
1.5 at  altitudes  of 30 ,000 and 50, OOO feet. The compressor  pressure 
ratio is varied  f'rom 2 to 15; the  turbine-inlet  temperature f'rom 120O0 
to 2300' R; the  heat  exchanger  effective wall temperature f r o m  1400O to 
2600' R; and the  heat  exchanger  inlet Mach nMers from 0.12 to 0.20. 

The  stations  in  the  cycle  are  numbered  accorafng to the diagram in 
figure 1. 

Calculation  of  net  thrust  per  pound  of  air per second, ~ d ~ a .  - 
The  compressor  inlet  temperature T1, and  pressure 9, were  determined 
at the  assumed  flight  conditions and corresponding  diffuser  pressure 
ratio PJPo (fig. 2) . The enthalpies  at  each  station  and  the  tempera- 
b e  rise  through  the  compressor  corresponding  to  the  selected  pressure 
ratio,  were  determined  from  the  thermodynamic  property  tables  and 
methods  presented in reference.7.  The  compressor work per pound  of 
air  is  then 

& = hz - hl,  Btu/lb  air 

The compressor  outlet  temperature 92, and  pressure P2, are  identical 
to the  heat  exchanger  inlet  temperature T2 ' , and  pressure P2' . Know- 
ing  the  heat  exchange:  inlet  temperature, and with  assumed  values of 
inlet Mach m b e r  M2 , heat  exchanger  effective wall temerature Tw, 
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and  turbine-inlet  temperature  Tg,  the  heat  exchanger  pressure  ratio 
Ps/Pz, is  found from figure 5. The  turbine  work  is  equal to the 
compressor  work, so the  turbine exit enthalpy  is 

hq = h3 - 4, Btu/ lb  air 

The  turbine  outlet  temperature and the  turbine  pressure  ratio  are  found 
by  the  charts and methods of reference 7. The  tail-pipe  pressure  ratio 
is  then 

The  Jet  thrust  per  pound of air F3/wa, is a function of tail-pipe 
pressure  ratio  and the square  root of the  tail-pipe  temperature, and is 
obtained from the following equation  for a complete  expansion  process. 

The  net  thrust  per pound of air Fn/wa, is  obtained  by  dividing  eqpa- 
tion (4) by Wa 

Where  the  nacelle drag per  pound of air  per  second DN/ua is  defined 
by 

where  is  the  corrected air flow per  unit  nacelle 

frontal  area (15 lb/sec-sq ft) . The  effect of nacelle drag is not 
included in the general  engine  analysis,  but is introduced later i n  
the  diecussion  to  show  the  effects on airplane  performance. 

The preceding  methods  were  used to calculate a set  of  generalized 
performance  charts  which  were used i n  the actual  analyeis.  These 
charts  have  been  included in appendix A. 
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a 
Engine plus  heat exchanger  weight. - The weight of the  turbojet 

engine l e s s  conibustors per pound of air per second We/war is found 
from figure 3 at  the  desired  congressor  pressure r a t io .  The heat 

di 
r l  
I? exchanger w e i g h t  per pound of air per second is a function of the 
N exchanger air flow per unit mea (wd&Ix and the exchanger l/d 

as given by 

where the  constant 1.9 is evaluated from the assumption of s ta inless  
s t e e l  'cubes, with lithium filling the  spaces between the  tubes. 

The exchanger @r f l o w  per unit flow area i s  found f r o m  the 

The hydraulic  diameter is  assigned and the  vlscosity h, is evaluated 
at  the  effective wall temperature Tw. The engine  plus exchanger 
weight per pound of air per second &/war is then  the sum of We/wa 

" WJwa. 

Thrust per pound of -ne plus exchanger. - The thrust per pound 
of engine plus excha%er is  calculated from the  net  thrust and engine 
weight per pound of a i r  per second. 

The F&T is  plotted as a function of  turbine-inlet  temperature,  heat 
exchanger i n l e t  Mach number and compressor pressure  ra t io   for  all the 
flight  conditions  considered. 

Heat input. - The heat input t o  the  turbojet i s  found  by subtract- 
ing the  enthalpy at  the compressor out le t  h2, from the  enthalpy a t  
the  turbine inlet h3. 

&X = h3 - h2, B t u / l b  a i r  

Airplane gross w e i g h t .  - The  method of determining engine  perf&- 
ance in terms of F n / W a r  FJWT, and Ah, has been  given. I n  order to 
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t rans la te   th i s  engine  data to  airplane performance, certain as8umptions 
regarding  airplane l i f t  drag L/D, st ructure   to  gross weight r a t i o  
Ws/Wg, and the sum of shield,  reactor, payload, and auxiliary  weight 
WK, must be made. -If values  are  aesigned t o  these  quantities, equa- 
t ion (5) can be used t o  calculate afrplase gross weight. Figure 6 has 
been prepwed from equation (5) s o  that  Wg can be found more con- 
veniently. W ~ W K  is  plotted as a r n c t i o n  of thrust per engine plus 
exchanger weight FJWT, fo r  a range of L/D and fo r  Ws/Wg equal to 
0.35. The airplane gross weight i s  found by multiplying  the  orunate 
evaluated a t  the deZgn FJWrp and L/D by the  assigned  value of WK. 

Engine a i r  flow. - The air f low required  for a given  airplane i s  
found from: the gross‘ weight Wg, L/D, and net thrust per pound of air 
per second Fn/Wa, by the relation 

Reactor  Calculations 

Heat release. - The heat release rate required from the reactor, 
neglecting losses, IS obtained  by  multiplying  the  enthalpy rise per 
pound of air  through the heat exchanger by  the engine air flow 

Inasmuch as the  heat  losses in piping and heat  required for  running 
the pumps and auxfliaries are chiefly a f’unction of the individual 
instal la t ion,  no attempt was made to  include  these  requirements i n   t h e  
heat release curves of t h i s  analysis. In  order to account for  these 
quantities, the heat  release  required of the  reactor must be  increased 
accordingly. 

Reactor maximum w a l l  temperature. - The reactor maxFmum wall 
temperature is determined by the  liquid-metal  temperature r i s e  through 
the reactor A T z ,  the average liquid-metal  temperature (assumed to be 
Tw), and the reactor-wall-to-Uquid-metal temperature  difference ATy. 
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4 Reactor wall 

temperature 

OTY 

Aw"- 

- 7- I 1 /Heat exchanger wall temperature 1 
In determining  reactor maximum wall temperature Tm, the  heat exchanger 
effective wall temperature Tw, is  assumed to be the average  liquid- 
metal  temperature. A constant  temperature  difference  based on the 
assumptions of  constant  heat  generation along the  reactor  length  is 
assumed between  the  reactor WU and  liquid  metal.  The  equation  for 
calculating  the maxim reactor wall temperature  is  then 

wkere 

and 

where  from  reference 8, 

u2 = - " dr [7 + 0.025 (pv>cD)10'8] 

For each fllght condition, the  liquid-metal  temperature  rise is held 
constant  at a value  which  gives a liquid-metal  velocity  of 15 feet per 
second at the optimum compressor  pressure  ratio and turbine-Met 
temperature. 
t 



RESULTS AND DISCUSSIOR 

The performance of the liquid-metal rruclear-powered-*rbojet 
cycle i s  presented by first discussing engine  performance and the 
effect  of design  ygriables on engine performance. The engine perform- 
ance is emphasized i n  this report, however, a-ais&ission.of the 
performance of the  airplane-engine coIobination in terma of airplane 
gross weight and reactor  heat  release is  a l s o  considered. The 
remainder of the discussion i s  concerned with  the  effect.of changhg 
airplane and weight  assumptions on airplane gross weight and reactor 
heat release. 

. ". 

Engine  Performance 

The net  thrust-per engine plus heat exchanger weight of the  turbo- 
j e t  engine is optimized for  exchanger inlet Mach  number, compressor 
pressure  ratio, and turbine- inlet   teqerature   for  a range of heat 
exchanger effective wall temperatures. The.&*- &e presented for  
alt i tudes of 30,000 and 50,000 feet ,  and for f l i gh t  Mach numbers of 
0.9 and 1.5. In addltion,  net  thruet  per pound of air per second and 
air enthalpy rise through the heat exchanger are shown for the corres- 
ponding engine and flight conditions t o  completely specify engine 
performance. 

. -. . . . . . . I . . . . . . 

. . . . . . . . - 

Heat exchanger inlet  Mach.mmber. - The effect  of heat exchanger 
air i n l e t  Mach number on thrust  per enghe  plus  heat exchanger weight 
is i l lus t ra ted  i n  figures 7 ( a )  and 7(b) for  an al t i tude of 30,000 feet 
and a t  f l i gh t  Mach  numbers of 0.9 and 1.5, respectively. For each 
assumed value of heat exchanger effective w ~ J 1  twperature and turbine- 
i n l e t  temperature there is a value of W e t  Mach  number which give6 
maximum F&T. For a fixed  value of .T3, low inlet Mach number gives 
low pressure drop and consequently  higher thrust, but a l so  high 
exchanger  weight due to   the  large  f rontal  area reqdred.  High Wet 
Mach numbers resul t  i n  high pressure. drop. re.duci.% the engine thrust, 
but  also  giving low exchanger  weight due to   the smaller f rontal  area. 
Consequently, a heat exchanger i n l e t  Mach mmber  which gives a maximum 
value of thrust  per pound of engine  plus exchanger w e i g h t  i s  e-xpected. 
The  optimum (i .e .. maximum) values of F ~ W T  are inaca ted  i n  both 
figures by  cross marks. 

The  opt- -inlet Mach  rrunibers range from about 0.14 t o  about 0.18 
for  a l l  the compressor pressure  ratios,  turbine-inlet  temperatures, and 
exchanger w a l l  temperatures shown for   the   f l igh t .  Mach nurdber of 0 -9. 
For the   f l igh t  Mach number of 1.5 shown in figure 7(b)  the optimum 
inlet Mach nunibers range from about 0.14 ta about 0.22. Curves similar 

e 

N 
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ta  these  were  plotted  for all the  flight  conditions  and  engine  opera- 
ting  variables  considered  to  determine  the  optimum  exchanger  inlet  Mach 
rimer for  each  condition and all the  values  fell.  wTthin  the  ranges 
shown on the  figures. 

4 
& 
t-l 

. "  

N optimum  compressor  pressure  ratio. - The  net  thrust p& engine 
plus  heat  exchanger  weight  far  various  values of exchanger  effective 
w a l l  temperature,  turbine-inlet  temperature, and for optimum  inlet 
U c h  number  is shown as a function of compressor  pressure  ratio in 
figures 8 to ll. The data are  presented  at  altitudes of 30,000 and 
50,000 feet  and  for  flight  Mach  numbers of 0.9 and 1.5. The  corres- 
ponding values of thrust  per pound of air  per  second  are also shown. 
The  solid  lines  represent  constant Tg, and  the  dashed  lines  are  the 
envelope  curve6  for maxim~m F,JWT at any pressure  ratio.  These 
figures  indicate that for  each  exchanger wall temperature and turbine- 
inlet  temperature  there  is an optimum  compressor  pressure  ratio.  For 
all the  heat  exchanger and turbine-inlet  temgerature  combinations 
shown  the optbum pressure  ratio  varies f r o m  about 3 to 8 for  both 
altitudes  at a flight  Mach  number of 0.9. At a flight  Mach  number  of 
1.5 the  optimum  compressor  pressure  ratio  varies  from  about 2.5 to 6 
for  both  altitudes. 

Optimum  turbine-inlet  temperature. - For each  assumed  heat  exchanger 
effective wall temperature Tw, there  is a value of turbine-inlet 
temperature  which  gives  the maxfmum F d W .  The  thrust  per pound of 
air  per  second  is  increased  by  increasing  the  turbine-inlet  temperature 
T3, however,  the  exchanger  pressure drop is also increased  due to the 
higher  exchanger l/d required  to  obtain  the  higher 13 for a given 
Tv. This increased  pressure drop with  increasing l/d will eventually 
counterbalance  the  increase in thrust due to the  increased  turbine- 
inlet  temperature. In addition,  the  exchanger  weight  Increases  due 
to  the  larger l/d, and cohsequentlg  there e x i s t s  an optimum  turbine- 
inlet  temperature. 

As observed in figures 8 to U, the  best  turbine-inlet  temperature 
is  closer  to  the  heat  exchanger  effective wall temperature Twr at 
lower  values of Tw than  at  the  higher  values of T,. 

Enthalpy  rise through heat  exchanger. - The  enthalpy  rise per unit 
a i r  f l o w  through  the  heat  exchanger corresponding to  the  thrust  per 
engine plus exchanger  weight  is shown at  the  four  flight  conditions  in 
figures  12(a) to 12(d). m e  enthalpy  rise is given  as a function  of 
compressor  pressure  ratio  for a range  of  turbine-inlet  temgeratures. 

performance, 8nd thus.  .conveniently group all the engine data necessary 
for gross weight and heat  release  calculations  together. 

" These  curves  are  included at this point to completely  define engine 
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Effect of heat-exchanger effective w a l l  temperature on optimum 
engine  performance. - The  performance of the  liquid-metal  nuclear- 
powered  turbojet  engine is summarized i n  figures 13(a) to 13(d). I4ax.L- 
nnun thrust  per  engine  plus  exchanger weight F~JWT is  plotted  against 
the  heat  exchanger  effective w&L &rnperature T,. The  corresponding 
values of net  thrust per pound of air  per  second Fn/Wa, heat  addition 
to  the  air Ah,, optinnun  compressor  pressure  ratio pz/p1, optimum 
turbine-inlet  temperature T3, and difference  between  the  exchanger 
effective wall temperature  and  optimum  turbine-inlet  temperature 
T,-T3 are a lso  shown. Far any T,, the  optimum  engine  performance  is 
readily  obtained  from  these  curves. 

. . . . . . -. . - - . 

The  optimum P2/Pl at  altitudes of 30,000 and 50,000 feet for 
optimum  turbine-inlet  temperature  varies  fram .4 to 7.5. f0.r .a flight 
Mach  rnunber of 0.9, and from 2.5 to 5.5 f o r  a Mach  number of 1.5. 

The temperature  difference TrT3 varies  from E O o  to 250'- R for . 
a Mach number of 0.9 for  a range of Tw fr6m 1600' to 2400° R. At a 
Mach  number of 1.5, PrT3 iraries  from 150' to 350' R f o r  a range of 
Tw from 1600° to 2600' R. 

" - 

The  optimum  heat-  exchanger  inlet  Mach number M21 at  optimum 
Pz/Pl and 13 varies f r o m  0.15 to 0.16 kt a. Mach number of 0.9, and 
varies from 0.18 to 0.19 at a Mach m b e r  of 1.5. No noticable  trends 
with T, were  apparent,  consequently no plot of optimum 1 against 
Tw is  included. 

Effect of-engilne and exchanger  weight on optimum thrust per pound 
of engine  and  exchanger. - A t  a given  value of heat  exchanger  effective 
w a l l  temperatime  the  optimum  compressor  pressure  ratio,  heat  exchanger 
inlet  Mach  number,  and  turbine-inlet  tenqerature  for maxhum thrczst per 
pound of engine  plus  exchanger is not  af'fected by the  engine  weight 
assumption if the  relative  variation of engine  weight  with  cmpreseor 
pressure  ratio  remains  unchanged from that given  by figure 3. 

The  optimum  cmpressor  pressure  ratio,  heat  exchanger  inlet Mach 
number,  and  turbine-inlet  temperature are also not  affected  by the heat 
exchanger  weight  assumption  (equation 8) as long as  the  exchanger 
weight is assumed to vary directly with air  flow  area and length 
diameter  ratio of the  passages.  These  changes in heat  exchanger and 
engine  weight  as6uIttptions wwuld change  the  magnitude of F ~ W T  but 
would  not  change  the  optlmum Pz/P1, I42 I ,  or Tg. 

. 
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Airplane  Performance 

t 

The  airplane  performance  for  the  Uquid-metal  turbojet  is  shown 
in figures 14 to 17 in terms of  airplane gross weight  and  reactor  heat 
release.  For all the  figures  presented  the  structure to gross weight 
ratio  is  assumed  to  be 0.35. The  airplane  lift-drag  ratios  at  the 
flight  Mach  numbers of 0.9 and 1.5 m e  18 and 9, respectively.  The 
sum of  the  shield,  reactor,  payload, and audliary weights  is assumed 
to  be 190,OOO pounds.  The  reactor  liquid-metal  velocity  is 15 feet 
per second  for all the  optinrum  conditions  shown. 

Effect of compressor  pressure  ratio  and  turbine-inlet  temperature. - 
The  effect of compressor  pressure  ratio and turbine-inlet  temperature 
upon airplane g r o s s  weight and reactor  heat  release 2s shown  in 
figures 14(a) to l&(d) for  flight Mach nunibers of 0.9 and 1.5 at 
altitudes of 30,000 and 50,000 feet. The heat  exchanger  effective wd1 
temperature is 2000' R in all cases,  and  the  turbine-inlet  temperature 
varies  from 150O0 to 1900° R. The reactor wall temperature  correspond- 
ing  to  the 200O0 R heat  exchanger  effective wall temperature  is  given 
in each  case. 

The  liquid-metal  velocity VI, in figures 14( a) to 14(d)  is 
15 feet  per  second  at  the optimum compressor  pressure  ratio (minimum 
gross weight). This Vz together  wlth  the  reactor  heat release Q 
at  these  optimum  conditions  determines  the  reactor maxirmtm w a l l  tempera- 
ture Tm, for the  fixed 2O0O0 R heat exchanger  effective w a l l  tnmpera- 
tame (equation 13) . For  the  off-optimum P z / q  and T3, VI is varied 
f3 feet  per  second in order to maintain %-Tw constant. 

Airplane gross weight  and  reactor  heat  release for a fllght  Mach 
m e r  of 0.9 at  altitudes  of 30,000 and 50,000 feet  are  shown in 
figures la(&) and  14(b). The  curves  indicate  that  over  the  temperature 
and  pressure  ratio  range  considered,  the  airplane gross weight  is 
insensitive to T3 and Pz/Pl at 30,000 feet  (fig.  14(a))  but  it is 
somewhat  more  sensitive st 50,000 feet  (fig. 13(b)). This is  true 
because  for  the  conibination  of  the  design L/D of 18 and  the F ~ W T  
obtained,  the  airplane gross weight  is  relatively  independent of F& 
as  indicated in figure 6 except for  very low values of F&T. The 
thrust  per  engine  plus  exchanger  weight  is higher at 30,000 feet than 
a t  50,000 feet  and so gross weight  is  expected  to  be  less  sensitive 
to  compressor  pressure  ratio  and  turbine-inlet  temperature  at  the  lower 
altitude.  The m h i m u a  reactor  heat  release o c m s  at a compressor 
pressure  ratio  which  is  higher  than  the  pressure  ratio  which  gives 
minimum gross weight.  For  both pmts (a) and  (b) of figure 14 the 
reactor  heat  release  is  about  equal,  consequently  the  same  temperature 
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difference (500 R )  ex is t s  between the  reactor maximum w a l l  tempera- 
ture and Tw. 

P a r t s  (c) and (a) of figure 14 present  the performance of the 
airplane a t  a Mach number of 1.5 for   a l t i tudes of 30,000 and 50,000 feet. 
The curves  indicate  that even a t  the hlgher f l i g h t  Mach m b e r  (wlth 
lower L/D) the  airplane  gross weight is  insensit ive  to T 3  and 
Pz/P1 a t  30,000 feet altitude. T h i s  is  due t o  the high thrust per 
engine  plus exchanger  weight a< t h i s  Mach  number which makz the air- 
plane gross weight re la t ive ly   insens i t ive   to   var ia t ions   in   F~WT as 
indicated i n  figure 6 .  A t  the  higher  al t i tude  (fig.  14(d))  the gross 
weight..is more sensi t ive  to  T3 and Pz/P1 because of the lower 

, d u e s  of FIJWT.  he minimum reactor heat release  occurs at a higher 
pressure  ratio than t h e   m i n i m  weight as was the case a t  the 
lower Mach rrumbers. The temperature  difference Tm-Tw, is higher  than 
for  a Mach number of 0.9 because of the  higher  engine aLr flow  required 
and consequently greater reactor  heat release necessary a t  a Mach num- 
ber of 1.5. A t  an a l t i tude  of 30,000 fee t   ( f ig .   14(c) ) ,  T m - 5  is 
looo R, and a t  an a l t i tude  of 50,000 feet   ( f ig .   14(d)) ,  Tm-Tw is E O o  R. 

Effect of reactor w a l l  temperature. - The effect  of reactor wall 
temperature on airplane grosa weight, reactor  heat  release, and heat  
exchanger effective wall temperature fo r  optimum heat exchanger i n l e t  
Mach nuniber, optimum compressor pressure  ratio, and optimum turbine- 
inlet temperahre is shown in   f igures  15(a) to 15( c) . The f l i gh t  
conditions shown are the same as have been considered previously. 

The airglane gross weight increases a t  an increasing rate ae  the 
reactor w a l l  temperature.is reduced ( f ig .  =(a)). m e  rate of increase 
i s  not  significant, however, u n t i l  a wall temperature of l6OOo R i s  
reached for  both flight Mach numbers a t  30,000 fee t   a l t i tude .  A t  
50,000 feet and a Mach mmiber of 0.9, Wg i E  insensit ive  to T, as low 
as l800O R, and a t  a Mach number of 1.5, Wg is insensi t ive  to  Tm as 
low as 2000° R .  In general, lo-r al t i tudes and lower Mach numbers 
require lower reactor maximum wall temperatures fo r  a given gross 
weight.  For example, a t  a gross weight of 400,ooO pounds, the  required 
reactor maximum w a l l  temperature is  1180' R a t  30,000 feet altltude and 
0.9 Mach number. Tlae same gross weight requires a Tm of 1520' R at 
50,000 feet a l t i tude  for   the same Mach d e r .  For a flight Yach num- 
ber of 1.5 Tm is  1420° R at 30,000 f e e t  and l 8 8 O o  R at 50,000 fee t .  

A s  i s  shown i n  figure 15(b), the  reactor heat release correspond- 
ing t o   m i n i m  gross weight i s  relatively  unaffected by decreasing Tm 
u n t i l  a value i s  reached a t  each flight condition where the  reactor 
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heat  release  increases  very  rapidly. This is  to  be  expected  because 
the gross weight  also  increases  very  rapidly  in  the  same  range  of 
reactor  maximum wall temperatures. 

The  heat  exchanger  effective w a l l  temperature Tw is  shown  as a 
function  of 'pm in  figure 15(c), so that  the  engine  performance 
(fig. 13) corresponding to the  airplane  performance shorn in 
figures 15(a) and 15(b) can be  determined. 

19 

From the  foregoing  figures  and  equations, a table  has  been  prepared 
and  presented  in  appendix B which gives a more  detailed  listing  of  com- 
ponent  weights  and  reactor,  engine, and heat  exchanger  variables  than 
has been  shown.  The  table  is  prepared  at  the four flight  conditions 
for a heat  exchanger  effective wall temperature of 2000° R aad  a turbine- 
inlet  temperature  of 1700' R. 

Effect of flight  conditions. - The  effect of flight Mach number  and 
altitude on airplane gross weight  and  reactor  heat  release  is  presented 
in  figures 16 .and 17. The cur& are  calculated  for a heat  exchanger 
effective wall temperature of 240O0 R, turbine-inlet  temperature  of 
2000' R, compressor  pressure  ratio of 5, and  optimum  heat  exchanger 
inlet  Mach nuniber. 

The  altitude  effect  on QTOSS weight  and  reactor  heat  release is 
shown in figure 16 for  flight Mach numbers of 0.9 and 1.5. The gross 
weight  and  reactor  heat  release  are  relatively  insensitive  to  altitude 
from 0 to 35,000 feet.  Above 35,000 feet  the  reactor  heat  release and 
gross weight  increases  very  rapidly. 

The effect  of  flight  Mach nuTdber on  airplane gross weight  and 
reactor  heat  release  is  shown in figure 17 for  altitudes of 30,000 and 
50,000 feet.  The gross weight  is  relatively  independent of Mach  rruniber, 
however,  the  reactor  heat  release  increases  quite  rapidly  with Mach 
nurriber  chiefly  because of the rapid decrease in airplane L/D. 

Effect of V a r y i n g  Assumptions 

The  previous  analysis  is  based on fixed  assumed  values of the sum 
of  the  shield,  reactor,  payload,  and  auxiliary  weight,  airplane  lift- 
drag ratio,  and  structure to gross w-ePght  ratio. In addition, all 
the  engine,installations  were  assumed to be of the  submerged  type  which 
neglect  the  effect of nacelle drag. The  magnitude  of  the  effect of 
taking  into  account  different  values  of  these  assumptions  and  consider- 
ing  nacelle  drag  on  airplane gross weight  and  reactor  heat  release  is 
shown in figures 18 to 21 for  two  turbine-inlet  temperatures.  The 
effect  of  reactor  diameter on unit  heat  release  is  shown in figure 22. 
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Effect of sum of shield, gayload, and auxiliary  weight. - The 
effect  of varying WK on airplane gross weight and reactor  heat  release 
is presented in figure 18 for  an altitude of.50,000 feet and a Mach . 

number of 0.9. The ver t ical  dashed Sine .indicates the constant 
190,000 paund value  of. assumed i n .  the. previous ". . - .- analysis. ." . The . .  . . .  

h 

curves fo r  two engines are presented; one engine. having a heat n- 
exchanger effective wall t e m p e r a b e  of Zoo00 R and a turbine-inlet 5 
temperature of 17& R; the other engine having a Tw of 2400' R, 
and a T3 of 2000° R (Tm depends on Wg and Q) . The optimum valUe8 
of compressor pressure  ratio and heat excha-er Inlet Mach number are 
used. The airplane gross w e i g h t  varies  directly with  the  value of Wk 
as has been discussed  and shown previously i n  equation ( 7 ) .  The 
required  reactor heat release also varies directly  with WK inasmuch 
as Q varies  directly  with Wg a t  a given  engine  operating point. " 

IP 

" 

Effect of structure  to gross weight ra t io .  - The effect of m y -  
ing the s t ructure-   to  p s s  weight  rat,io Ws/Wg, on airplane gross 
weight and reactor beat release. ps presente(2.in.-figure 1 9  for the same 
engine and f l i g h t  conditio? s9wn in  the  previous figure. For. a 
reduction i n  Ws/Wg of 0-35 to  0.30 (14.2 percent) the.  gross weight 
and reactor  heat  release  decrease  about 9.0 percent. The ver t ica l  
dashed line  represents  the Ws/Wg of 0.35 used i n  the  previous analysis. 

. - .. . .  

. . . - - ." - -. . 

Effect.&  airplane  l if t-drag  ratio.  - The effect  of varying the 
airplane  design  point  lift-drag  ratio on airplane gross weight and 
reactor heat release is  shown i n  figures ZO(a)  and 20(b) f o r   f l i g h t  
Mach numbers of 0.9 and 1.5 a t  an altitude of 50,000 f ee t   fo r  the B a n e  
engine  conditions as in   t he  previous  figures. A t  a f l i g h t  Mach  number 
of 0.9 reducing  the L/D from 18 t o  about 10 causes a relat ively small 
increase i n  gross  weight. Reducing the L/D fur ther   resul ts  in a very 
rapid  increase  in gross weight. The level of cycle  temperature  opera- 
t i on  has a small effect  on gross w e i g h t  a t  high L/D values,  but this 
effect  Secomes l a rge   a t  values of L/D below about 10. Reactor heat 
release is more sensitive  to  reduction i n  L/D and increases  quite 
rapidly with reduction i n  L/D. The leve l  of cycle  temperature  opera- 
t ion has practically no effect  upon heat  release  over the range of L/D 
shown. A t  a f l i gh t  Mach  number of 1.5, figure  20(b),  reducing  the L/D 
from 9 increases the gross weight rapidly.  Increasing the L/D fram 
9, however, causes a rela-tively s d l  reituction i n  gross weight. W e  
small ef fec t  of L/D upon gross weight at- values above 9 i s  due to the 
higher thrust per  engine weight at a f l i g h t . h c h  m e r  of 1.5. As i n  
the  case of the f l l g h t  Mach number of 0.9, the reactor heat release is 
more sensi t ive  to  changes i n  L/D than is  gross  weight. . .L . . .. 

V 
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Effect of nacelle  drag. - The ef fec t  of  engine nacelle drag on 
airplane gross w e i g h t  as a f'unction of reactor mR.xFmum w a l l  tempera- 
ture i s  presented in figures 21(a) and 21(b) for  flight Mach &ers 

-P 

rl 
lc' of 0.9 ana 1.5, respectively a t  an a l t i tude  of 50,000 f ee t .  The 
N turbine-inlet  temperature,  heat exchanger M e t  Mach number, and 

compressor pressure  ratio axe optimum.  The coefficient of nacelle 
drag  Q,N was selected to include a range of nacelle drag values 
at both Mach numbers. The coefficient  includes  the wave and f r i c t ion  
drag at a Mach  nuniber of 1.5. 

A t  a   f l igh t  Mach  number of 0.9 a nacelle having a drag  coefficient 
of 0.08, M c h  is a reasonable  value at W s  flight condition,  increases 
the gross weight less than 10 percent for reactor mBximLull wall tempera- 
tures  as l o w  as 1500° R.  This effect  increases  rapidly  for tempera- 
tures below' 1500' R. 

A t  a   f l igh t  Mach nuniber of 1.5, nacelle drag becomes very  import- 
ant as i s  shown in figure 21(b) which indicates  that  neglecting  nacelle 
drag can be very  misleadhg. The so l id  lines represent  constant C D , ~ ,  
and the dashed lines  represent  constant heat exchanger effective wall 
temperatures. For a .500,000 pound airplane  the  reactor maximum w a l l  
temperature must be increased f r o m  about 160O0 t o  2200' R if the 
nacelle drag coefficient i s  increased f r o m  0 t o  0.2, which is a reason- 
able  value of CD, N at  this flight condition. For a fixed  airplane 
gross weight the  nacelle  drag  reduces  airplane  lift-drag  ratio. 
Consequently, the engine must operate at a higher  temperature t o  over- 
come the  increased  drag. The following table lists LID and Tw 
against CD,N f o r  one design  point  airplane. 

- 

Mo 

1.5 

Effect of reactor  size.  - In the previous analysis and discussion 
no specific assumptions have been made regarding reactor  size o r  shield 
weight. The sum of the weight of reactor,  shield, payload, and aux- 
i l i a r y  equipnent was a rb i t r a r i l y  assumed. Figure 22 is presented i n  
order to show the ef fec t  of reactor s i z e  on reactor unit heat  release 
Q/v, and airplane gross weight. The reactor diameter was varied from 
2.0 t o  5.0 feet, maintaining  the  length t o  diameter ra t io  of the 
reactor a t  1.0. I 

. 
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An integral  (wrap around) shield was ass-d-with a constant 
2.5 foot  thickness and a specific  gravity-of 8:O. The gross weight 
required to  carry  the  shield and a 30,000 pound payload plus tux- 
i l i a r y  weight i s  plotted  against  the  reactor unit heat  release  in 
Btu per second per  cubic  inch of reactor. The heat exchanger 
effective w a l l  temperature is  2oOOo R, and the compressor presEure 
rat io ,  heat exchanger inlet Mach number, and turbine-inlet tempera- 
ture  are optimum. 

Reducing the  reactor  size below 2.5 f ee t  does not  materially 
change the gross weight, but  the  reactor unit heat  release  increasea 
rapidly.  Increasing the reactor  size above 3.5 f ee t  cau~es a rapid 
increase i n  gross weight  while the reactor  unit  heat  release is not 
so greatly affected. At low reactor  diameters  the unit heat release 
i s  much greater fo r  the 1.5 f l i g h t  Mach  number than for 0.9 Mach num- 
ber, however, this difference  decreases for l.mger reactdrs. 

SUMMARY OF RESILTS 

An analysis of the  nuclear powered liquid-metal  turbojet  cycle i s  
presented  for a wide range of engine operating  conditions and for 
sever& flight  conditions. The following results were obtained from 
the investigations: 

It 

% 

1. For optimum compressor pressure r a t i o  and turbine-inlet tempera- 
ture, the optFmum heat exchanger i n l e t  Mach mmber range-s-from 0.15 t o  . . 

0.16 f o r  a f l i gh t  Mach  number af.0-9 and heat exchanger effective wall 
temperatures of 140O0 t o  2600° R, For a f l i gh t  Mach nunber of 1.5, the 
optimum heat exchanger inlet Mach  number varies from 0.18 t o  0.19 for  
heat exchanger effective  walltemperatures of 1Zm.to 260O0 R. 

- 

2. The optirmun comgressor pressure  ratio at  optimum turbine-inlet 
tenrpera-ture varies from about 4.0 to 7.5 a t  a l t i tudes of 30,000 and 
50,000 f ee t  a t  a flight Mach number of 0.9, for  heat exchanger effect- 
ive wall temperatures of 1400° t o  260O0 R .  At a f l i gh t  Mach nuzzber of 
1.5, the optimum compressor pressure  ratio  varies from 2.5 t o  5.5 f o r  
heat exchanger effective wall temperatures from 1600° t o  260O0 R .  

3. The difference be€ween the  heat exchanger effective wall 
temperature and the turbine-inlet  temperature T r T 3 ,  varies from 150° 
t o  250° R for  a flight Mach  number of 0.9 fo r  a range of Tw from 
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A 
160O0 t o  2400° E. For a f l i g h t  Mach  number of 1.5, Tw-T3 varies from 
150' R t o  350° R fo r  a range of Tw from 1600' to 260O0 R . 

4.  Engine and exchanger weight  assumptions change the magnitude 
of thrust  per  engine  plus exchanger  weight, but do not affect   the  
values of compressor pressure  ratio, heat exchanger i n l e t  Mach number, 
and turbine-inlet  temperature which give maximum thrust  per  engine plus 
exchanger  weight,  provided that the  engine weight i s  changed proportion- 
a l l y  at  d l  pressure  ratios and that   the  exchanger w e i g h t  i s  assumed 
t o  vary  directly  with air flow area and length-diameter r a t i o  of the 
flow passages. 

5. Airplane gross weight at an a l t i tude  of 30,000 f e e t  and -Mach 
rnuribers of 0.9 and 1.5 is relat ively  insensi t ive t o  reactor maximum 
w a l l  temperatures as low as l60O0 R. At 50, 000 feet a l t i tude  and 0.9 
Mach number, the  airplane i s  insensit ive to T, as  low a6 1800° R and 
at a Mach nmfber of 1.5, Wg is insensit ive to T, as l o w  as 2000' R% 

6.  Airplane gross weight i s  relat ively  insensi t ive to  flight Mach 
rnzniber, but  reactor  heat  release  increases  rapidly  with  increasing 
f l i g h t  Mach number. Both airplane gross weight  and reactor  heat  relewe 
a r e  insensit ive t o  a l t i tude  below 35,000 feet, but  increase rapidly with 
increasing  altitude above 35,000 feet. 

7 .  For a f l i g h t  Mach Ilumber of 1.5 a t  50,000 feet   a l t i tude,   nacel le  
drag becomes very significant.  For a 500,000  pound airplane  the  reactor 
maxillRuIL wall tanperahre must be  increased from 1600' to 2200° R i f  a 
nacelle  drag  c&fficient of 0.2 is taken into account. 

Lewis Flight  Propulsion  Laboratory, 

Cleveland, Ohio 
Nat iona l  Advisory Committee for  Aeronautics, 
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APPENDIX A 

Engine  operating data was calculated  and  prepared in the form 
of charts  to  aid  in  the  analysis.  The data is  presented on a 
corrected  basis  and  includes  compressor  outlet  temperature,  turbine 
pressure  ratio,  turbine  outlet  temperature, and engine  net  thrust 
per pound of aLt- per  second  neglecting  nacelle drag. 

Figure 22 shows corrected.compressor  outlet  temperature a8 a 
function  of  compressor  pressure  ratio.  Figures 23 and 24 show  turbine 
pressure  ratio  and  corrected  outlet  terperature ae a function of 
corrected  txrbine-inlet  temperature for a range of compressor  pressure 
ratios. 

Figures 25(a) to 25(j) show  the  corrected  engine  net  thrust  per 
pound of aiLper second for a range of corrected  turbine-inlet  tempera- 
tures a8 a function of pressure  ratio-across  the &at exchanger.  Parts 
(a) to (f) show the  corrected  net  thrust  per  pound of air  per  second 
for a flight  Mach  number of 0.9 at  compressor  pressure  ratios of 1, 3, 
5,  10, and l5. Parts (g) to ( j) show  the  corrected net thrust  per 
pound of air per  second  at  the  same  pressWe.-fatios  for a flight  Mach 
number of 1.5. . .  " . .  . L .  
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A t ab le  of weights, sizes,  and operating  variables of the com- 
ponents of the  nuclear powered liquid-metal turbojet  airplane is pre- 
sented for  Mach numbers of 0.9 and 1.5 at al t i tudes of 30,000 and 
50,000 f ee t .  The engine i n  all cases is operating with a heat 
exchanger effective wall temperature of 2000' R and turbine-inlet 
temperature of 1700° R. The heat exchanger inlet Mach  number i s  
optimum and the compressor pressure  ratio is close t o  op t - i .  



Flight  condition 
Design altitude .. . 

Flight Mach rnunber 
Design point L/D 

Operating Wint  . . . 

. . 

Heat exchanger w a l l .  temper+&-e, -:- 
Turbine-Wet  temperature, ?R 
Compressor pressure  ratio 

Component weights, Ib 
Reactor shield, payload, aux. eq. 
Engine 
Heat exchangers 
Airplane 8 tructure 
Airplane gross weight 

.. 

Reactor . . .  

Heat release, Btu/sec 
Maximum w a l l  temperature OR 
Lithium temperature in, 'R 
Li th ium temperature out, OR 
Lithium velocity,  ft/aec 

- 
. .  

Engine - 

Met thrust per engine plus exchanger 

N e t  thrust per air f l o w ,  lb/lb  air/sec 
Total engine air flow, lb/sec 
Wet engine thrust, lb- 
Compressor f r o n w  area, f t 2  

weight, lb/lb 

Heat exchanger - 

Lithium temperature in,  OR 
Lithium  temperature  out, ?R 
Air inlet Mach number 
Air i n l e t  temperature, OR 
Air outlet temperature, 91 
Air enthalpy rise, Btu/lb air 
Core frontal  area, f t 2  

30,000 
0.9 0.9 

50, 000 

18 18 

2000 
1700 1700 
2000 

5 1  

5 

190,000 

110>400 
8,300 4,000 

190,000 

126,700 

ll,lOo 27,000 

315,500 . . . . .  . 352,000 

105,000 117, OOO 
2050 

16.8 15.6 
2048 2046 
1952 1954 
2050 

1.17 

40.6 38.2 

0.506 

492 457 
17 500 

37 
20,100 

100 

2046 

0.162 
1952 1954 
2048 

0.16 

1700 1700 
230 238 
26 7 1  

ao4 766 

I 

30, OCO 
1.5 

9 

2000 
1700 
3.5 

-90, OOO 
13,900 
5,900 

-13 , 000 
i22,800 

!48,000 
2 m  
1910 
2090 
18.8 

1.82 

30.2 
U80 

35,8OC 
49 

2090 
1910 
0.19 
886 
1700 
210 
38 

50, OOO 
1.5 

9 

2000 
1700 

3.5 

20, OOO 
37,500 
13,700 
-29,800 
571, OOO 

!80, OOO 
2150 
1862 
2138 
13.8 

0.803 

32.7 
1267 

41,200 
133 

2138 
1862 
0.18 
845 

1700 
221 
111 

a 
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Coolant-to-air 
heat exohanger 
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1.0 

.5 
1.0 1.4 1.8 2.2 2.6 3.0 

Flight Mach number, % 

Figure 2. - D i f f u s e r  t o t a l  pressure ra t io  as a function of Pli@;ht Mach nuiber. - 
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Compressor  pressure ratio, p2/P1 

Figure 3. - Corrected  specific  engine  weigkt as a function of campresear 
pressure ratio. 

. 
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.Ratio of turbine-inlet temperature to heat exchanger 
effective xall temperature, T3/T, 

Figure 4. - Length to diameter parameter of heat exchanger tubes a8 a 
function of exchanger-inlet SFr temperature, effective wsll tempera- 
ture, and exit air temperature. 
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.76 .80 - . a4 -8%. -- ". .92 .96 
Ratio of turbine-inl& temperature to heat  exchanger 

a.ective wall..%emerature, -T~/% 

(a) Exchanger-inlet Mach number, 0.12. 

Figure 5. - Eeat  exchanger pressure ratio as a function of exchanger- 
inlet air temperature,  effective wall temperature, and exit-rrlr 
temperature. 

-L. 
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.76 .80 .84 .88 -92 -96 
Ratio of turbine-inlet  temperature t o  heat exchanger 

effective VU tenqerature, T~/T,  

(b) &changer-inlet Mach nmber, 0.16. 

Figure 5. - Continued. Heat exchenger pressure  ratio as a function of exchanger- 
in le t  air temperature,  ePfective w a l l  temperature, end exit  air temperature. 
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Ratio of turbine-inlet temperature to heat  exchanger 
mective wan temperature, T~/% 

(e )  Exchsnger-inlet Mach number, 0.20. 

Figure 5. - Concluded;. Heat rxchanser  pressure ratio as a function of . - . . . . . - . 

exchanger-inlet aFr temperature,  effective wsll temperature, and exlt 
air temperature. " 
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Pigure 6. 

d 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 
.a 1.2 1.6 2.0 2.4 2.8 

Met thrust  per engine plus exchanger  weight, Pn/WT 

Airplane gross w e i g h t  factor as a function of net thrust per engine 
plus exchanger  weight  and airplane  l i f t -drag ratio. - 
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Canpressor pressure ratio,  P$Pl 

(a) Heat exchanger effectlva wall  temperature. 
T,. 24W0 R. 

(b) Heat exchMgsr effegtlve  wall temperatura, 
Tyr 22W R. 

.. . 
c 
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U 

% 
2 

f 

( c )  Heat exchanger eIfectlve wall temperature, (a) Heat exchanger effegtlve wall temperature. 
T,,, 20000 R. Tw. 1800 R. 

Figure 8. - Contlnued. N e t  thrust  per engine plus erchnger weight and net thrust per pound of air per aecmd a8 
functions of PdP1, Tw, and T3. Optimum, H2’; altitude. 3CY.ocIo feet: f l i ght  Mach number 0 . 9 .  
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f 

h 

f 
H 

L 

P 

X 
U 

Cwpresaor pressure ratio. P f l 1  

(a) €hat exchanger effeotive wall temperature, 
T,,. 26000 R. 

Compressor pressure ratio.  P d P 1  

(b) Heat exchanger effective wall temperature. 
T,,, 24oOu R. 
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Compressor pressure ratio,  p d p l  

( C )  Heat exchanger effective wall temperature, 
Tr, 2200° R. 

. 

\ 
\ 

1500 1700. 

h 3 4 5 6 7 8 9 1 0  15 
Collpresaor p'reasure ratio.  P e l  

Tw, X)(D" R. 
(a) Beat exchanger effeatlve wall temperature. 
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. 

Compressor pressure rat-, Pfll 
(e) Beat exohanger effeative rall  temperature, 

Tr, 1600 9. 

43 
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.. . 

net thrust per pound or 911- per second M hvlctions 
30.000 Peet; flight Mach number, 1.5. 
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Compressor vesmn-e  ratio, P ~ P L  

( c )  h a t  exchanger efrectf e ualtll temperatwe. 
Tu. 2200 %. 

Figure 10. - Continued. Het thruat per engine plus exchanger might and net thntst per pound or  air Der second 
aa tunctions of P J P ~ ,  px, and %. Optimum %I; dltltude 30,000 feet; t l m t  Hash number. 1.5. - 
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c 
D 

Figure 10. - Concluded. Netthrust per engine plus 
exohanger weight and net thrust er pound of air 
per eeaond as mnotiom of p R and T . 
Optlmum M ' I  altitude M,OOO he$;  k g h t  Haaz 
number, 1.8. 
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. 

Compressor measure ratio,  P $ P ~  

(a)  Heat exchanger effecthve  wall temperature. 
Tw, 2600 R. 
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cimllressoi. pressure  ratio, P r / p I  

(d) Heat exchanger  efrectlve wall temperature, 
I;, 2ooOo R. 



4x 
NACA RM E5lD30 

. 
dl 
p. 
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6 
* a 

F-0 11. - Cmcludcd. Net thrust per e n a e  plus 

per second as tunctlozm of Pe6p1, Tw. and T3. 
exchanger rclgat and net thrust per p a r n B  of alr 

numBer. 1%; 
Opt- ; altitude, 50.000 feet;   rught Mach 

49 
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Compressor-pressure ratio, p2/p1 

(a) AlHtude, 30,oOO feet; flfght Mach number, 0.9. 

Figure 12. - Enthalpy rise of air  through  the  heat  exchanger as a 
function of-compressor pressure ratio and turbine-inlet  temperature. - 

I 

.. . 
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460 

\ 

420 

\ 
5 

Colqpressor pressure ra t io ,  p2hl 

(b) Altitude, 50,000 feet; flight Mach number, 0 .9 .  

Figure 12. - Continued. Enthalpy rise of air through the heat exchanger 
as a function of compressor pressure  ratio  and  turbine-inlet  temperature. - 
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Compreseor  pressure ratio, p2/P1 

(c) Altitude, 30,000 feet;  flight  Mach number, 1.5. 

Figure 12. - Continued. Enthalpy-rise of air-through the heat 
exchanger as a function of compressor prePsure-ratio and 
turbine-inlet  temperature. 

. 



(a) Altitude, 50,oOO feet;  flight Mach nuniber, 1.5. - 

, 
Figure 12. - Concluded. Enthalpy  rise of air through the heat 

exchanger a8 a function of corgpressor pressure ratio and 
turbine-inlet  temperature. - 

53 
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. 
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. compressor pressure ratio, P 2 l P 1  

(b) Reactor ms~dnrrm  all temperature, 2050 %. Altitude, 
50,oOO feet;  flight Mach umber, 0.9; L/D, 18. 

F-e 14. - Continued. Airplane m o a s  veight and reactor heat  release 
as  a function of compressor  pressure ratio and turbine-falet tempera- 
ture. Txl 2000 %; optimum, %'; Us&, 0.35; UK, 190,ooO pounds. - 
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2 3 4 " 5 . 6  7 .6 91Q . 15 
Compressor pressure ra t io ,  p2/P1 - 

( c )  Reactor maximum wall temperature, 2100 OR. .Altitude, 
30,000 feet;  flight Mach number, 1.5; L/D, 9. 

Figure 14. - Continued. Airglane gross we1ght"abd reactor heat release 
ae a function of compressor pressure ratio mid turbine-inlet tempera- 
ture. Tw, 2000 %) optimum, % ' j  W&, .Q.35; WK, 190,Q30 pounds. 
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(a) Airplane gross weight. 

Figure 15:- Effect .of reactor maxfmum~wall temperatiire on airplane gross 
weight, reactor heat release  rate, hea-hanger effective r?.all tern- 
perature. Optinmu, Tg; optimum, P2/PP11 optinnun W&, 0.35; 
WK, 190,000 pounds. 



a -  

- 

NACA RV E 5 W 0  

(b) Reactor  heat release rate. 

Figure 15. - Continued.  Effect of reactor maxirrmm wall temperature on airplane 
gross weight,  reactor  heat release rate,  heat  exchanger  effective wall temp- 
erature.  Optimum, T3; optimum, Pz/pl; optimum %'; Us/Wg, 0.35; W , 190,OOO 
pounds. K 

Ilt 
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(c )  Heat exchanger e f h c t i v e  wall temperature. 

Figure 15. - Concluded. Effect of reactor EU&UUUI wall temperature on a i rpbne  
gross weight, reactor heat release rate, heat exchanger effective wall tem- 

. 
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a 

.8 1.0 - . -1.2 1.4 1.6 1.8 2.0 
Flight Mach number, % 

Figure 17. - Wfect o f f l i g h t  Mach numberson airplane gross weight and  reactor 
heat release. T,, 2400' R; Tg, 20W0 R; P2/P1, 5.0; optimum %I; Ws/Hg, 0.35; 
WK, 190,000 Pounds. 

. 

" - 

c 
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1 

-I 
80 120 160 200 240  280 320 x103 

Sum of reactor, shield, payload, and auxiliary weight, WK - 
Figure 18. - Effect of the sum of reactor, shield, payloaa, and auxiliary weight 

on airplane gross weight  and reactor  heat  release rate. Optimum P2/k 3 
optinnun %'; altitude, 50,oOO feet; flight Mach number 0.9; WS&, 0.k. 
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.32 -34 .36 .35 .40 
Structure t o  gross weight ratio,  WB/Wg 

Figure 19. - Effect of'structure t o  gross-weight ratio on airplane grose 
weight and reactor  heat release rate, .Optim... .P2[Pl; optimum 
altituk, 50,000 feet; f l i gh t  Mach number, 0.9; W,, 190,ooO p m d s .  
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m 

0 4 8 12 16 20 
Airplane  design point l i f t - b a g   r a t i o ,  LID 

(a )  Altitude, 50,000 feet; f l igh t  Mach nwiber, 0.9. 

F’Lgure 20. - Wfect of airplane design point lift-drag ra t io  on gross weight 
ana reactor heat release rate. optaum p2Bp1; optimum, %’; wB/wg, 0.35; 
WK, 190,OOO pounds. 
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c 

Airplane  design point lift-drag ratio, L/D 

(b)  Altitude, 50,000 -feet; ~ l l i g h t ~ M a C K n - i e r ,  1.5; 

Figure 20. - Concluded. Effectdf airplane design pcint lift-drag ratio on 
gross weight and reactor heat release rate. optinaun P2/P,; optimum, % I ;  

ws/wg, 0.35; WK, 190,000 pounds * 
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. 
1800 . 2200 2 600 

Reactor maximum w a l l  temperature, T,, R 

(a) Altitude, 50,oOO feet; flight Mach number, 0.9. 

Figure 21. - Effect of nacelle drag on airplane gross w e i g h t  as a function 

0 

of reactor maximum  all temperature. Opt- p2/P1; opt- % ; 
aptirmun T,; W,/Wg, 0.35; &, 190,oOO pound8. - 
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(b) Altitude, 50,000 *et; f l igh t  Mach number, 1.5. 

Figure 21. - Coacluded. Effect of nacelle drag on airplane .@ass weLght 
as a function of reactor max- w a l l .  temperature. Opt- p2/p1; 
optimum M2' ; optimum T& W,/Wg, 0.35; WK, 190,000 pounds. 
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Compressor pressure ratio, p2/pr 

Figure 23. - Corrected compressor-outlet temperature against 
compressor  pressure ratio. qc,d 0.88. 



XACA RM E5ID30 - 

Figure 24. - Turbine pressure ra t io  against corrected turbine- 
inlet temperature for a range of compressor pressure ratios. 
qc,=> 0.88; 9t’ 0.90- 

75 
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Corrected  turbine-inlet  temperature, T 3/91J 9 

Figure 25. - Corrected turbine-outlet %emperatme against  corrected turbine- 
inlet temperature f o r  a range of compressor  pressure r a t io s .  q , , ~  0-88; 
q , 0.90. t 
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L 

a z 
PI 

c, 
d 

1.0 .9 .8 .7 .6 

Heat e.xchanger pressure  ratio, P3D2 
(a) Flight Mach number 0.9; compressor pressure ratio, 1.0. 

Figure 26. - Corrected  engine  net  thrust  per pound of air per second egalnet 
heat  exchanger  pressure r a t i o  for a range of corrected  turbine-inlet tem- 
peratures. qClm, 0.88; qt, 0.90; Cv, 0.97; fully expnding nozzle; C 0. 

D,B' 
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d 
g 
U u 

Heat exchanger pressure ra t io ,  P3b2 
(b) Fl ight  Mach number 0.91 campressor pressure ratio, 3. 

per eecona against heat exchanger pressure ratio far a range of 
corrected turbine-inlet temperatures. qc -, 0.88; qt, 0.90; cv, 0.97; 
fully expanding nozzle; CD,F19 0- 

Figure 26. - Continued. Corrected engine net tbrust per paund of a* 

> 

. 
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1.0 .9 .8 .7 .6 .5 
Heat exchanger pressure ratio, P3/pz 

(c) Flight Mach n- 0.9; compressor pressure ratio, 5. 

Figure 26. - Continued. Corrected engFne  net  thrust per pound of air per second 
against  heat  exchanger preeeure ratio for a range of corrected turbine-inlet 
temperatures. ‘Ic,=, 0.88; $, 0.90j Cv, 0.971 fully expanding nozzle, c 0. 

D,N’ 
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Heat exchanger pressure ratio, p3/Pz 

(a) FUght Mach number, 0.9; compressor pressuze ratio, lo. 

Figure 26. - Continwd. Corrected-ewlne net thrFt per pound of air per aecond 
against heat exchanger pressure ratio far a range of corrected turbine-inlet 
temperatures. qc =, 0.881 q , 0.90; &, 0.97; fuyy expanding nozzle; 0. t 
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Keat  exchanger preasure ratio, P3/p2 

(e) Flight Mach  number, 0.9; compressor pressure r a t io ,  15. 

Figure 26. - Continued.  Corrected engine net thrmt per pound of air per second 
agsinst heat exchanger pressure ratio for a range of carrectedtmbine-idlet 
temperatures. qclCr, 0.W; qt, 0.90; C+ 0.97; Ailly expanding nozzle; c 0. 

D,BJ 

I 
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1.0 .9 .0 .7 . 6  .5 

H e a t  exchanger pressure ratio, P3/P2 

(f) plight Mach  number 1.5; compressor preseure ratio, 1. 
c 
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I 

1.0 .9 -.e .7 - 6  .5 
Heat  exchanger  pressure  ratio, P,/P2 

(g) Flight  Mach  number 1.5; compressor  pressure  ratio, 3. 

F m e  26. - Continued.  Corrected  engine  net thrust per pound of air per 
second  against  heat exchanger pressure ratio  for a range of corrected 
turbine-inlet  temperatures. qC,=, 0.88; x, 0.90; CvJ 0.97; fully 

expanding nozzle; CD,Bj 0. 
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1.0 .9 .8 .7 .6 .5 
Heat exchanger pressure ratio, P S b z  

(h) F-t Mach number 1.5; compreaeur preseure ratio, 5 . 
Figure 26. - Continued. Corrected engine net  thrust 
eecond  against- heat exchanger pressureratio for a 
turbine-inlet  temperatures. flc,-, 0.88; (It, 0.90; 

expand- nozzle 

per pound or air per 
range of corrected 
CV? 0.97; fully 

. 

c 
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1.0 .9 .8 .7 .6 -5 
Heat exchanger  pressure ratio, p3/Pz 

(I) Flight Mach nuniber, 1.5; compressor  pressure  ratio, 10. 

Figure 26. - Continued. Cwectcd engine  net  thrust  per pound of a b  per second 
againat heat excbnger pessure ratio for a range of corrected  turbine-inlet 
temperatures. 'Ic,=, 0.881 qt, 0.90; Cv, 0.97; fully expcbnding nozzle' ' CD# 0. 
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. 60 

50 

40 

30 

20 

10 

i.0 .9 .8 .7 .6 .5 

Heat exchanger pressure ratio, P3/pz 

(,I) F l i g h t  mch number, 1.5; compressor pressure ratio, 15. 

Figure 26. - Conclude&. C o r r e c t e d  ewine net f;hFub.ger pow of air per second 
w i n s t  heat exchanger preesure ratio for a range of corrected turbine-Wet 
temperatures. q C , , ’  0.88; qtJ 0.901 Cy, 0.97; fW expanding nozzle; %,R. 0. 
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